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This report contains the results of a three-year effort to investigate the use of
Asysecric Coupled Ouantum Well In optical vaveguide cross bar switches. ¶.e two types
of devices investLiated are the standard delta beta switch and the delta alpha switch.
The delta alpha switch uses the imaginary part of the refractive index to modulate the
Intensity aton# different v•aveguide paths in the switch structure. Both types of
svttch were fabricated and tested. The delta beta switches produced are suitable as
t-inptut 2-output devices. The delta alpha switches were demonstrated as 2 by 2 cross
bar switches with up to 40: throughput. To compensate for losses in the switches the
ute of amplifying elemets was investigated. To provide gain at a longer wavelength
than that of the excitont In the modulation wavevguides. the quantum wells in the
modulation veveguides were blue shifted using vacancy induced disordering (VID). The
V7I shifted quantum wells showed less Stark shift than the unshifted quantum wells.
This effect is explained by the nearly parabolic shape of the disordered wells.
Coupled quantum wvls can be used to create a structure that will maintain a strongly
Stark shifted spatially indirect transition even after VID. Modeling of the various
waveguld structures qsed is also discussed.
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This report describes the results of a three-year study to explore the
application of Asymmetric Coupled Quantum Well (ACQW) to waveguide
switches. The ACOW structure and its electrooptic properties were developed
and studied in an earlier program. 1 The program described here applied the
resulting ACOW technology to two types of waveguide switch designs.

1.1. Proposed Program

The two types of switches studied in this program are shown
schematically in Fig. 1 below. The first type of switch (Fig. la) is a Ap switch. In

this design, light enters one of the waveguide inputs (arrow) and is directed to
one of a pair of parallel waveguides. The parallel waveguides are designed to
evanescently couple such that light entering one of the guides will cross over to
the other. In Fig. la, the light entering at the arrow on the left will emerge from
the lower right output. To accomplish switching, a voltage is applied to Vsw.
This causes a refractive index change in the electro-optic material comprising
the waveguide so that the coupling between the two parallel guides is spoiled.
The result is that the light no longer crosses over from one parallel guide to the
other. With a bias applied to Vsw, light entering at the arrow (Fig. 1 a) will
emerge from the upper output on the right side of the switch Because this
switch uses the change in refractive index to change the propagation constant
(1) of the waveguide it is generally referred to as a Ap switch.

The second type of switch is shown in Fig. lb. In this design. light
entering one of the switch inputs is split equally into two paths so that It will
emerge from both outputs of the switch. In this switch, application of a bias to
Vbar (Vcros) causes the two bar (cross) paths to become opaque. so that light
entering at the indicated input would then emerge only from the lower (upper)
right output. Because of the loss inherent in the design of this switch (one half
of the intensity is lost at each pass through a Y-splitter or combiner), gain
sections must be added. Because this switch uses the change in the absorption
coefficient (ai) to accomplish switching, we refer to it as a *oa switch.

Both types are two input two outpu (2x2) cross-bar switches, This type of
switch can be used as an element in a large switching network. As shown in Fig.
Ic, six switches (represented as rectangles in the figure) can be configured to
form a 4x4 switch network.
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-Ka) AS SiW b)ulw Switch

Figure 1. Schematic re P e i of "e A and A• 2W cross-bar swWWs
as weN as a U4 swntci network composed ol sax 2W cross-bar swtches.

1.1 Sunmwmy o Resuns

Both z a&nd AD swithes weo fabhcated and tested in this program. Two
Assigns of the 60 swithes which Odclded 3mm and 500owm cross-over lngths.
were fabricated and!tes wit the resuit psented in section 6. The zero bias
results of ithes Switchs were excefn. delmnot nWig that the modets used
accunrtely predicted the cpn bwen te wvegui:es. aM that the

a techniques accurately produced the required wveguide dimenstons.
Under bias fth predict ',i switchi nga obsefved, but etectro-absoiplio gn 0"
waseguldes made the switches asymmetric (i.e.. bgt enwrg the boas guide
behe dlnerety from fit entering the uibsed guide). Because of this
aSyrmetry t switches could be used as one MPA two out Switches. but
not as 22 cross-bar switches.

The resuft of te• aa switch %deveopmt are presented in section 7.
This work successfunly domnst;ra an the propeties required for the A•
switch. Firt. the various wevegude structre (e.g.. Y-spMes. arcs and
turning mirrors) were modeled, fabricated aM tested A compiete
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switch structure withou Wai was fabricated and successfully tested. Finalty.
switches fabrcated with vacericy induced disordervi (VID) regions wwer
tabixiatsd to allow Wai to be incorporated vnto the structures- These Sw~cheS.
while demonstating gain, did not achieve high Wnough opacity in the (eyere
boase Waboption wevwides to switchi eticenttly. This probilem can be
corrected by Careful deWq of the ACOW stucture, so that it maintains the
proper coupling afte diwodering.
1A 901i=111 at UI thSRP4ut

Sections 2 to 5 oil thtis report summarize general metOwds arZ techniQues
developed to desqI and I akricte the two "ype ot switches stuclied in this
program. Section 2 describes toe optMa wavegu~e structures. *"ach consist ot
trip loade waveguades torwed over an epitaxialy grown GaAsIAJI)Ga 1.As

plana wveguide structure. The mode"in ol Owese veguids is fescrbed in
section 3. The electrooptic properties Of Vie w~veguE5 awe PrG-Cuc~ tlY "N
quantum wells in "h guding "ye ot the pianar wravgides The o~tcal

prpetsof these qUantUm well structures are described in Section 4- Section
5 describes th Ieftechiqu used to fabniat Ve ~wewveguMt strucure. mhat formh
the $sWllts Becaus the0 5"ructure. amd I0CrvWqa *wer .Wrooved Ovef thw
period ot toi program, th specft process used on an wodvxkua structure may
hae" been diferorntfrom tha Oescribd in secu" 2 to 5 in erwal. VWe
specifics for a particulr structure awe described in th ection dea"~ wafz Ihat
structue.

Sections a and! 7 d"Crib mhe desqn. la&tincat n wd lest r*uu for thv
60P and Ma Switc*,e rseePctrVy Se0~o 7 also nciude diucussiOns Of eaCh
of the component of the an sIc. IEt ncOfte Y-SOWtS. CrOSS-OVWS,
turning mwrroS W4d arc Vacincy ind~icd Odaodewv for thv Mou'We Of bkue
shifling Mhe quantum "e0 eoicfon as a"s docu*We om sectson 7

Conclusions drawnfrom M4e work as weE as fcornmerx~vn6 IV~ fture
woK* AMe Preent in Section S

The genral kWni of Vie "Oveguae strut usedM Low vwmqxxA Itus
program is Viowa in Fig. 2, The wxte~W"g Plana oev ptd are
GaMs/AlG&As structures gr owr pfts*lt on' GaAs iStt "Oom" molecular
beam ep"l~ (M8E). Afte gro . reactiv on etdWVn (ME*,,!* used to create
raised ridgs an the svIace of he pianar wav*Wgu& kxmTltV sirv-Iooded

.W 1gwes These stuctures prev~ both vevxai &Nd %#Wal confinement cO
th* optical rad~avori
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Figure 2. The bmac **vgud.W Mu~be Min bthOWi SOe & W
40 ww"Cr~tiS The und~ilywigm a~ur a vPier WOiiegiW

gonby mncWu~w ewi s~y The krl torwied by teecon tonl
ecwwngr Pvovd ~w"ia %AN 101 of rle ov Re od

:L I. Pmom WinwePa

The besic MOE.o p~nw wevgus" um in fts program ts Uxown in
F"4 .a The gruchur is a ,W'V modle PWeie wwoequot 090110d DY fastx g)wlng
0 Wris 01 WivR loSSnfg Ocximm"nw~ I %Am vworass to kw'nm "i kowp
cmcdig Thisiskbw y a 9g *V" 2u t 03iY'Wx*wtha
sefvctveC wrds1 2.4% NOWie OiW tW of Vw COtg FvOteaf - OX04I~o
cis md9 a gro to Pomton Vie I% cikw w 0 OVQeO Stve u 0ctut The*
uwwuM" Weft t tin "cGO of "i pOvw wevegulf ptMv1C V*i OWUtOptoc

ctwadsw Pmlco cfte w~drice as descrawin ed acbw 4 Thx)mg ofvw
dr~ f-doped wubsUue. olw*C o~Ww vaogot eM P-4Ipd owp. fotrms a
p-*.n dkxlw For moad~swr. i~e. uwokxwvreqga weve9wa fromI wartswer4 o
MOpeIM. a nlegmw biesis Sapihd to Ow P-dopd coo Thie""""~ eld
"W Is M00 w VIle rUW*M "Ofts Produ a SWv "~ in vi Quantum w"4
abowww o wqftPl (90 See. 4) coke" Ig S abecwow VIN Wiv49w'9 to ted "' to the

4um~tonwsv~ an a~~ Ve ~W~as'g to ti ~eeFor
gain te ~w gu We kXWSM baed.

The NWrmk c dd e laorwed by a ,upuieie (SL) The SL dod*V~
has an effetO~e 0~. of M*00Wc 2.4% has w~ Vve MOW cote of "h

w-'gud@, AS well as 14rrnrg Wes O Vie wSve9Wde. Vve SL. Prode a rvieen
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for chockrig the layer thicknesses after growth via x-ray diffraction as described
in section 6.3. To provide complete characterization of the layer thicknesses
and conot . a p"otoluminescence (PQ) spectrum of the top AIxGai..xAs
cfa12 1 (below the cap) is taken. As described in section 6.4, the PL
mreesGrent alows determination of the AlxGa 1 xAS composition. This
information along with the SL period allows complete determination of the
composition and Layer thicknesses throughout the structure.

calp p, 210 500A GaAs

Dopw p" 2-10* 2500 AAl Ga.S
0110MV

SSL X 60

ONWAQKW CM) 2A A1Ga AS
SSL e5 jP s X 40

&Agr n 2R10't 500,!,.A
n' GaAs I&t _ __ __ __ 2-o'-m a

Figure 3. TypcWa epiutaslly grown planar waveguide structure.

2.2. Etched weeguide

The planar w*vaguide structures growv by MOE provide only vercai
coNkinement of the optcal energy To pmvtde lateral conrereme. funrt•
procesiss, of the M8E-grown wfe i necesary to form st-laoded
wswgudee (SLWG) on te surface of te wafew as Oshon on Fig. 2. In all the
wwveguideS used i ti program. the waveguie nrges were formed ussng RIE.
tou two difeent meth*d were used to ecoomplan thes as descnbed in sec.
S The SLWG prodes lteral ondofiment because te area unrder the ndge
hs hiog1w effeclve widux thri te surrounding area. keadng to confinement of
tiv optical mode to a region near the SLW'G The near-fe• toldtenSi1y dstribut••n
from on* of to"s weveguides, (2wii wide and I mm "on) is &Phown in Fig. 4.
demonstrting the waN defnewd sne miOe patter 10 thfSe gu,*es The
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fabrication of these waveguides is described in section 5 and the modeling of
,'hem Is described in section 3.

160

sio

0
0 10 20 30 40

y(J.Lm)

Figure 4. Near-field intensity distribution at the output of
strip-loaded waveguide. T , waveguide is 24rn wide by 1mm
long.

2.3. Optical e of Waveguides

Optical measurements of the waveguide structures were made by
cleaving the waveguides and coupling into and out of the resulting facets using
20X, O.4NA microscope objectives. The radiation source used was a Coherent
599 dye laser pumped by an argon ion laser running on all green lines.
Depending on the measurement, output was monitored using single element Si
photo diodes and/or a Pulnix Tm-540 CCD camera (with the AGC disabled).
Output from the CCD camera was captured using a Colorado Video Inc. Video
Frame Store 274D. The stored images could be transferred to a host computer
for storage and further analysis.

3a WEMM,, MMMlin

The switch structures made in this program included evanescently
coupled waveguides as well as various waveguide components such as: curves,
Y-splitters, and turning mirrcrs. To properly design these structures it is
necessary to be able to predict their performance mathematically. To do this we
have used two general types of models. The first is based on a transfer matrix
calculation that solves for optical modes in multi-layered structures. This model
was used to calculate the modes of the planar waveguide structure and the

9



effective index of these structures as a function of upper cladding layer
thicimess. This model was also used to calculate modes of single straight
SLWGs as well as coupling between pairs of straight SLWGs The second
model used is a 2 dimensional (2D) beam propagator. This model allows
calculation of a mode propagating down a complex waveguide structure that may
include curves. Y-splitters, curves, gaps, etc. Both models allow calculations
that include complex refractive index values so that gain and loss can be
modeled.

3.1. Planar Wavegulde Modeling

As described in section 2. the underlying structure of all the waveguide
devices presented in this report is a mufti-layered planar structure grown using
MBE. These structures can have hundreds of layers. which include the
superlattice cladding, and the quantum well layers. To design the MBE growth,
it is necessary to be able to cdlculate the modes of such a structure. To do this
we use a transfer matrix technique that can calculate the optical electrical field
distribution in all the layers of the structure as well as the complex propagation
constant 0. In our analysis, the geometry of the waveguide is set up as shown in
Fig. 5. The y-component of the field is written in the exponential form of eq.
E3.1-1.

XN.3 -

X2

X0~

0
Figure-5. Geometry and layervindices used in the planar
waveguide calculation.
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,- A, .c /• .k- 4. (x-x,+B a. -/ - .- , (E3.1-1)

The bounday concion rsquve at each interface between the layers of the
waveguide the transver compon ents of the E and H tietds be continuous. This
leads to to reion given i- E3.1-2 between the field coefficients in consecutive

(E3.1-2)

S2.,,,. L(UM, U- .r;, (,,+Ud,•).r1,j

NJ =4 1?f :r!•
I t TEI

D,.{J ;n,': J"°}

D, = jj 14j*1

In tee etitusulons. £ quanties (excW j and x) are complex. In a lossless
guide tW field coefficients (A0 in th$ sirate and BN. 1 in the capping layer)
must be zero so that the ftild% 1 decay eponenmlly in both cladding layers.
To dcermine pit fth calculion starts in ft substrate with AOy. and calculates
the 1113 Al c Ei ijan efi *luyerp to the cap. The value of BN.1
Pmdced bY this Proeedure is a function of 0 am for an arbitrary value of 13 will
not be equal to z0 a required by te boundary condiions. Values of 1
WorTOS 0 'CNI t waveguide modes are determined by applying the procedure

11



for different values of IL using a root finding routine to locate the complex values
of A that sabty the boundary cniion BN-1 (p)=O.

The planar guides used here are actually leaky waveguides since the
refractive index of the GaAs substrate is greater than or equal to the index of the
waveguide core. For leaky modes, the field in the cladding is oscillatory,
radating through the cladding and subsre instead of exponentially decaying.
The boundary condition in this case is that the coefficient of the inward
propagating wave must be zero (i.e., the radiation escapes from the core so that
at the last interface only an outward propagating wave is possible). Since the
time dIpendMnce1 is given by Fjt)=Fj . exp(-iot). the two terms in eq. 3.1-2 with
coefficients ANi. and BN.1 in the cap correspond to outgoing and incoming
waves, respctively. Similarly, AO and SBcorrespond to incoming and outgoing
waves respectivey, in the substrate. The boundary conditions for a leaky
waVegulde are then: AoO and BN .1 =0, which are the same as for a lossless
guide. Hence the same procedure for determining P can be followed for a
lossless guide or a guide tha is leaky from either the cap or, the substrate, or
both.

The program that performs this calmlation reads the structure from an
input file and then calculates the complex propagaton constant for each
waveguide mode found in the structure. The program is written so that any one
of a number of parameters can be repeatecdy incremented with the waveguide
m s recalculated at each increment The increment parameters include the

e . the retractive index of selected layers, and the thickness of selected
layer This is used to vary parameters of the guide to optimize layer thickness.
In addition, the structure can be *etched* from the top by a desired increment.
This is used to calculate the effective index (modal index) of the guide as a
function of etch depth. This is important for designing the planar structure to
work well with the etched waveguide structures.

3.1.1. Effeethe Indox aculan

In this program, all calculations of the laterally confined waveguide modes
of the strtgloaded waveguides were made using effective index calculations. To
calculate the effective index of our planar waveguide structures, we calculate the
prp:)agation comntant of the fundamental mode and from it determine the modal
index that is hen used as the effective index of the guide. As material is
removed from the upper cladding of the waveguide, the effective index
decreases. Figure 6 shows an example calculation made using the planar
wavegide program to calculate the effective index as a function of the amount
of material etched from the top of the structure. The modal index is affected only
weakly from about 0 to 0.4pr etch depth, beyond 0.4"n the modal index
changes rapkily with etch depth.

12



3.4 4

3.446 3

3.44 2

&3438 J1.48 0

0 0.2 0.4 0.6 0.8

Elch de~m)

Figure 6. Calculated effective refractive index of a planar
wavegulde as a function of the thickness of material etched from the
upper cladding layer.

2. 2D Sem Propagatr

The planar waveouide calculation described in the last section (3.1) can
be used to calculate the modes of a strip-loaded waveguide providing that the
wavegulde structure is Kdependent of z (this includes multiple coupled guides
that are parallel). where z is the direction of propagation. When the waveguide
structure is more complicated and includes z-dependent structures, another
analysis method must be used. We chose to use a 2D beam propagation
calculation using meftds described in a series of papers by Yevick et al. 25
This method is based on the original technique described by J.A. Fleck,6 which
starts wkh the scalar wave equation. Yevickks method uses a symmetnzed spit
difference operator as shown in Eq. E3.2-1. The 2D beam propagator calculates
the eketic field En at equally upaced points 0) along a line (n). At step n+1, the
field Eflrl Is calculated along a line (n+1) spaced Az from the last line.

13



E"÷I = D,. e- D,. E"

D= =- (E3.2-1)

To evaluate this expression, define 8E such that Eq. E3.2-2 is true.

D,E= E- E (E3.2-2)

Equation E3.2-2 can then be wrmten as shown in Eq. E3.2-3.

l- &,)8E 2E (E3.2-3)

By app=matg the second derivative as a divided difference,
Eq. E3.2-1 becomes the matrix equation shown in Eq. E3.2-4.

) rE* r2E*)

b I- 2b b BE, 2AEE1 24
b 1-2b b2 (E3.2-4)

b 1-2b b
X~ ~ j SN 2EI/

where: b= 8. k. n, (&o)2

The matrix in Eq. E3.2-5 is tr-diagonal which can be solved using standard
techniques7 Once 8E Is detemined, Eq. E3.2-2 is used to find DotE.

Once the procedure for evaluating A1E is established, the electric field
distribution at step n+1 can be determined from the field at step n using equation
E3.2-1.

The procedure for the beam propagator is:

1. Start with a solution at Zn (usually a Gaussian intensity distribution)
2. Operate with Dy (solve tr-diagonal matrix equation)
3. Mutiply by the index phase term (only where nr nO)

14



whee the index phase term Is given by E3.2-5

e - (E32-5)

and the angle brackets > denote the average from Zn to Zn+l.

4. Operate with Ax to got En+i
5. Increment n and return to step 1.

At each step, the calculation only uses the index profile along the lines Zn and
Zn+1. Since we are usinq a 2D version of the beam propagation method, the
refractive index of the gu:Kds is approximated using the effective index method.

3.3 Canp=eeon tatthe bWvegukld Models: Coupled Wavegulde

As described above, two types of numerical models were used in this
program, a planar waveguide transfer matrix calculation and a 2D beam
proagator. To check the two models for consistency, we performed
calculations on evanescently coupled waveguide structures using both
technkluse(the teory and calculations for coupled waveguiles is described in
detal in sec. 6. 1). Though both of these models can be used to calculate the
effects of evanescent coupling between two waveguides, the 2D beam
propagator calculation Is cumbersome for this type of calculation. The planar
waveguide model that was originally written to design the MBE grown planar
waveguldes Is actually better suited for this calculation (as described in sec.
6.2.1). The example calculations shown below demonstrate the consistency of
the two models (at least for specific examples). Later comparisons between
calculation and theory in sections 6.3 and 6.4 show that they match the
measured results as well.
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3.3.1. Comparison of the Planar Waveguide Calculation and the Two
Dimensional Seem Propagator Calculation

The two waveguide calculation techniques would normally be used in
different situations so that no direct comparison between the two method would
be possible. In the case of evanescently coupled waveguides however both
methods can be used to calculate the coupling between the waveguides. This
allows direct comparison between the two methods.

Figure 7 shows an example of the simplest form of evanescently coupled
waveguide. This structure consists of two symmetric coupled waveguides
running in parallel. This type of structure will always transfer all the radiation
from one waveguide into the parallel waveguide after some length Lx. Also
shown in the figure are the electric field distributions of the first two modes of the
coud•l waveguides. As described in section 3.1, the planar waveguide

Symmetric coupled waveguides

Et Syrnmetnc optical mode

Asymmetnc optical modes

Figure 7. Cross-sectional view of symmetric coupled waveguides (top) and the
electric field distributions of the first two optical modes.

calculation can be used to calculate these modes. This is accomplished under
the effective index approximation by treating the cladding regions, waveguides,
and the gap between waveguides as five layers with each layer having the
effective Index determined by the thickness of the upper cladding layer of its
corresponding region. Once the first two waveguide modes have been
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determgied using the planar waveguide calculation the coupling length Lx can
be determined from the difference in propagation constant between the two
modes. For a pair of waveguides with widths=2.5pn, separation=1.751±n,
cladding indexa3.4 and waveguide index=3.4017 the planar waveguide
calculation predicts a coupling legt of Lx-1.Omm.

The same coupling calculation can be made with the beam propagator by
starting a mode in one guide and allowing it to propagate until all the intensity is
in the adjacent guide. This calculation is shown in figure 8 for the same
conditions given above.

2000

15 •

Eim

, =

0

-10 -5 0 5 10 15

Y(AM)

Figure 8. Output from the 2D beam propagator program for a pair of
symmetric prllel waveguides with: wiokthsx5mm, separation=1.75mm,
cladding index= 3.4, waveguide index 3.4017. The coupling between the
guides begins at z=O and the intensity in the left guide reaches a minimum
at zal.lmm.
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The agreement between the two calculations is good, though the beam
propagator predicts a 10% longer coupling length. The beam propagator
calculation is sensitive to the initial shape of the mode, which can change the
result. In this case, the initial Gaussian distribution at z= -10014m was allowed to
propagate for 1 00nim before reaching the beginning of the right guide at z=O.
This allows the mode to adjust to the guide before coupling affects the mode.
Edge effects can also affect the results of the beam propagator calculation. In
this case the calculation was made over a region 25gim wide so that the mode
Intensity was always zero at the edges.

4. Optlcal Propertie of Quaintum Wells

The electrooptic properties of the switches made in this program arise
from the quantum wells in the cores of the planar waveguides used to fabricate
the switches. In this program, waveguides containing both coupled and
uncoupled quantum wells were fabricated.

4.1. Uncoupled Quantum Wells

The material used in all the switches made in this program is composed of
GaAs and AlxGalxAs grown using molecular beam epitaxy. By growing thin
layers of GaAs surrounded by AlxGa1.xAs quantum wells are formed that exhibit
the now well known quantum confined Stark effect (QOCSE). This can be used to
create an optical absorption in the core of a waveguide that shifts to longer
wavelength (red shifts) when a field is applied across the quantum well
containing layer.8

4.2. Coupled Quantum Wells

In an earlier program, a new quantum well structure was developed at
Martin Marietta Laboratories. This structure consists of two quantum wells of
different width separated by a thin barrier. We call this structure an asymmetric
coupled quantum well (ACQW). If the barrier between the wells is sufficiently
narrow, the wavefunctions will have significant probability in both wells so that
transitions between the levels :n the two wells are possible. Figure 9 is a band
diagram of the ACOW structure shown at three field values. For clarity, only the
lowest energy hole state (the heavy hole of the wide well), and the two lowest
energy conduction band states are shown in the diagram. For an optical
modulator, the lowest energy transition is the most important since it determines
the abs,.rption edge of the long-pass filter formed by the quantum wells. At zero
field (Fig. 9a) the lowest energy transition corresponds to the spatially direct
transition within the wide well. The next highest transition at zero field is the
spatially indirect transition from the wide well to the narrow well. As a field is
applied, the conduction band levels approach each other. When these two
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levels reach their minimum separation, the system is in resonance as shown in
Fig. 9b. At resonance there is no distinction between the narrow and wide well
conduction band states, and the two transitions have the same strength. At
higher fields (Fig. 9c), the wavefunctions again become localized in individual
wells. The lowest energy transition is now the indirect transition from the wide
well to the narrow well. Because of the spacing between the wells, this transition
energy drops rapidly as the field is increased. Although the strength of the
transition also drops with applied field, it is strong enough to cause nearly
complete extinction in a waveguide even at high fields. The inset in Fig. 9
shows a plot of the transition energies vs. field for the structure. Also shown are
the transition energy of a single well and a horizontal line representing the
energy of optical radiation passing through the waveguide. At zero field (a),
both transitions are above hv so there is no absorption. Beyond resonance (b),
the energy of the indirect transition drops rapidly below hv resulting in
absorption in the waveguide. Beyond resonance (c) the direct transition (which
corresponds to the single wide well transition) also eventually drops below hv
but only at higher field.

a)a

b):: hv

Electric Field

Figure 9. Effect of an externally applied electric field on the ACQW

structure.
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Figure 10 shows the measured bias dependent photocurrent spectra of a
p-i-n diode containing an ACOW. At 5V, the weak indirect transition (h1 -el)
becomes visible and moves rapidly toward longer wavelength as the bias is
increased. The week indrect transition in a waveguide would lead to nearly
complee extnction of the optical mode, as shown in Fig. 1i.

Figure 11 shows measured transmission through two waveguides (50Op.
long) containing a single quantum well (SOW) structure in one guide and an
ACOW in the other. The indirect transition in the ACOW reduces the
transmission of the guide to zero at about 11 V. The SOW guide does not reach
zero transmission until about 15V. Also shown in Fig. 11 are measurements of
the phase shifts caused by biasing the two guides. Since the applied bias
causes changes to the absoqrtio spectrum in the waveguide. the refractive
index must also change according to the Kramers Kronig relations. The indirect
transition in the ACOW waveguide causes a 60% increase in the phase shft

4

3

4 4 4- h--

CL

0

8200 8300 8400 8500 8600 8700

Wavelength (A)

Figure 10. Photocurrent spectra of an ACOW structure at 5 values of applied
bias. The hlil peaks are caused by the spatialty indirect transition from the
wide weH to the narrow well.
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weveguide ridges O.8pm high. (The upper cladding thickness was 1.5qnm in
Mae structures.) After etching, a metal strip was applied down the center of the
weveguides to form the ekecical p-contact. The whole structure was then
covered with polyimide and openings ý. .re made over the p-contact strips.
FwmaJ another layer of metal was added to form leads from the p-contacts to
the bonding pads that were also formed by this final meQ - layer.

This process has several critical steps that made it difficult to accurately
reproduce. The two most crical steps are the alnment of the p-contacts to the
waveguides and the afinmen of the openings in the potymide to expose the p-
conacts. In both cams, a narrow strip (3pm wide in this case) had to be alned
to the narrow (5pim wide) waveguide. Afthouigh this can be accomplished in
structures this wide, the more advanced structures require narrower waveguides.
which-would maM this process uipractical.

Waveguides produced by this process were used for the 3mm
evariescently coupled waveguide switch descibed in section 6.1.

U. M-1@ ik Prcess"

Secause of the difficultes in the PR-mask process and because
calcions owe at shorter switches requited even narrower waveguides.
we developed a new ptocess for the waveguide fabincation. In tths process (the
metal mask process). the wveguide tucture is first defined by appy a metal
pmtten to the surface of the wasfer. This metal pattern is used as the etch mask
to form the enad also forms the p-coact on the top of the
waeule.As in thve pxevAu method a reactve ion etch is used to form the
weveguide. The adange of thus meod is that the metal contact is "sef-
Up to Mt weveguide so hat no critical abgnment is required to apply the
-onIta. In order for separate wavegude to be eiectncally isolated from one
another, the planar waveguide is groven with the p-doped cap thrwne than the
etch used to define t"e we- es. In this way the top conducting layer is
compltely removed outsed of the wvegu ridges so that the areas between
th waveguiris awe semi-lmulatng The resug waveguedes are eleccally
leo1ted from each oer. Measurmenrt of the reststance between paws of

wavguiesSONiri log rd separated byl I -1 m. were greaer than 30MQ.
which can be considered completely isoled for te structures presented here.

One posb disa1antage to this structure * that since the metal defines
the weveguide. the only way to electncally isclate sectons of te same
waveguide is to leve gas in the metal pattern. which also Waves gaps in the
weveguide. This is not a problem as "ong as the waveuides are weakly
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guiCing. For the material used in this program, the effective index undt, , the
etched waveguides is only 0. 1% greater than the effective index in the
surrounding etched areas. This means that the reflection coefficient at an
abrupt end of a waveguide will be only about 0.02% which is negligible. In
addition to the reflection losses there is also some diffraction loss to the
spreading of the unguided light in the gap. This also causes only a small loss as
calculated using the beam propagator described in section 3.2.

For more complex structures, electrical connections to the waveguide
structures can require electrical conductors that cross waveguides without
connecting to them. This can also be easily accommodated with this structure.
To form an electrical conductor crossing a waveguide, a 4-1gm gap is left in the
waveguide and a 2-W.m-wide conducting strip crosses through the gap
perpendicular to the waveguide. The metal of the electrical conductor is put
down at the same time as the p-contact waveguide metal. This means that the
electrical conductor is also etched with the waveguide and so forms a ridge in
the final structure. Even though the electrical conductor is structurally the same
as the waveguides, no light couples into it because it is normal (or nearly so) to
the waveguides. At each electrical lead crossing, there will be a gap in the
waveguide and the ridge formed by the lead. Because the effective index
change under the lead is the same as that under the waveguide (which is very
small as described above). it will also produce only a small reflection.

To measure the effect of both waveguide gaps for electrical isolation and
gape with crossing electrical conductors, we fabricated wavegu ides 11 0014m long
with 4-.•r-iong gaps spaced every 10OIrn along the waveguide. In one set of
thes, the gap was left empty, in another set each gap had a 2-I.Lm-wide ridge
crossing the gap perpendicular to the waveguide. Along side these waveguides
was a similar waveguides with io gaps that was used for comparison. The
configuration for these guides is shown in Fig. 12. The worst case measurement
for the transmission through tMe two test guides relative to the reference guide
was T,,65% 'cr both test guides. This corresponds to a transmission though a
single gap of 95.7%. This is ,iot a significant loss as long as the number of such
gaps is kept to a reasonable level for any given waveguide.
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Figure 12. Waveguide structures used to determine the loss caused by
gaps in the waveguides used for electrical isolation.

6. Couled Waveguide Switch (ai Switch)

The first type of switch fabricated and tested in this program was a AA3
switch consisting of two 5-pm-wide waveguides separated by 2.51pm. In this type
of switch, the waveguides are designed so that at zero bias light entering one
guide (the feed guide) will be completely transferred to the adjacent guide (the
cross guide) in the length of the switch. This transfer requires that the two
waveguides be identical. Switching is achieved by applying a bias to one of the
waveguides. This changes the propagation constant (3) of the guide via the
QCSE of the quantum wells in the guiding layer. This increases AP3 between the
two guides so that the transferred intensity couples back to the original guide.
The increase in AP between the two guides also tends to uncouple them so that
less light is transferred.

6.1. Theory of the AP Switch

The AP switch can be analyzed both numerically and analytically, though
the analytical description contains parameters that can only be determined using
the full numerical analysis. In spite of this, the analytical analysis can provide
insights to the eftect of variations in the structure. For this reason, we will first
describe the analytical analysis of the switch followed by an analytical tolerance
analysis of the switch. The analytical analysis will be followed by the
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conceptualty simpler numerical analysis, which will be used to calculate

prwamel n for fabrication of the A switches.

&1.1. Anlydcd Andysis of the AP Switch

A simple analysis of the AD switch can be made using the expressions
given by Somekh et aL9 for a waveguide directional coupler. The expressions
for the Intensities in the guides are given in Eq. E6. 1.1-1. In practice, The
coupling constant K is determined using the numerical coupled waveguide
calculation.

pO(Z) =coJ(S. Z)+[(A-ý' le-Silds(S. Z) (E6. 1.1. 1)

P 1(z)= 2sin2 (s.z)

where: S

Apho - the change in the propagation constant
in the biased guide due to the applied bias

The cross-ovwer length. Lx, is defined as the length required for all the radiation
to cross from the input guide to the cross guide. The relation between Lx and
the coupling constant is given in Eq. E6.1.1-2.

K=• X(E6.1.1-2)

To switch to the bar state, the propagation constant of one of the guides must be
changed by AA according to the conditions given in Eq. E6.1.1-3.

S = X- L. (E6. 1. 1-3)

L2
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Substituting A• into the intensity expressions (Eq. 6.1.1-1) yields the
expreons (Eq. 8.1.1-4) for the intensities in the two guides of a lossless AP
switc.

RO(Z) = GO( (-• Z)+1."-S id• (•" -Z) (E..-4)

P, (Z) SO ¼-i z)

The absorption In each guide can be estimated by weighting the electrically
ikxuced absorption coefficient in each guide (abias) by the intensity in that guide
and integrating along the length of the guide as shown in Eq. E6. 1.1-5.

al M= IP,(z)" - a,.* 1E6.1.1-5)

0

Integrating the expressions in Eq. E6. 1.1-4 yields the results given in Eq. E6. 1.1-
6.

abranch "abias (E6.1.1-6)

fIeed "'8 bias

This result shows that the absorption coefficient in the biased guide is about
seven times that of the unbiased guide. This has an important effect on the
switching properties of the AP switches as demonstrated below.

6.L Toleance Anaysis

An Important consideration in the fabrication of the switches is the effects
of errors In the switch dimensions. All fabrication in this program was done
using standard contact lithography techniques. We found the most important
variation in the fabrication was in the width of the waveguides. During the
fabrication process, changes in the exposure of the pattern using the ultraviolet
lamp in the aligner, or changes in the development time can change the width of
the resulting waveguides. This change in width is equal for all the waveguides
on a wafer so the resulting switch is still symmetric, but may have a slightly
different crossover length than desired. Since the length of the switch is fixed by
design, this can lead to incomplete cross-over resulting in crosstalk.
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The effects of these width varations can be determined by calculating
their effects on the coupling length. Using Eq. 6.1.1-1 the cross-talk can be
determine and Is given in Eq. 6.2-1.

mX (E6.2-1)

where:
- intensity out of the feed guideintensity out of the branch guide

8 = error in the cross over length (Lx)

For an ideal switch, RX would be zero. For a switch with an isolation of 100:1
(Rx<0.01), the error in the coupling length must be less than 6%.

To determine how LX varies with the waveguide width, a numerical
calculation is used to calculate both LX and dLX/dW. This calculation is
described in the next section, and some example values of LX and dLX/dW are
given in Table I. Once these parameters are determined, 8 in E6.2-1 can be
replaced with

a =--•L.,Aw
dw

where Aw is the error In the wavegulde widths. The resulting condition on the
waveguide widths Is given in E6.2-2.

Aw<2. L * R~X
AW 2.- -X (E6.2-2)

For a 100:1 isolation (RX=0.01) the maximum allowable errors for the two AD3
switches produced are:

3.0mm switch Aw<0.64Wtm
0.5mm switch Aw<0.29Ina

These values are greater than 10% of the waveguide width. This level of
accuracy is easily achieved using the metal mask process described in sec. 5.2.
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6.2.1. Numerical Analysis of the AP Switch

To calculate the optical modes and cross-over length of the AP switch, the
planar waveguide calculation (described in sec. 3.1) is used. The first step in
the process is to calculate the effective index of the planar waveguide structure
as the top cladding layer is numerically "etched" away. Once this is
accomplished, the modes of the coupled waveguides can be calculated. For the
modal calculation, the two waveguides and cladding are treated as a five layer
planar waveguide with the refractive index of the layers 1/2/3/4/5 set to the
effective index values of cladding/ridge/cladding/ridge/cladding. The symmetric
and anti-symmetric modes of this five layer structure are calculated. This
produces the values of the propagation constants 01 and k. From their
difference, the coupling constant can be determined (K=I31-2), which gives the
cross-over length (LX=iJ2K). The program written to perform this calculation
produces tables of LX and dLX/dw as a function of rib height (etch depth) and rib
separation. By repeating the calculation for various rib widths, a complete set of
tables for fabricating switches of various lengths can be produced. A subset of
the results of these calculations is given in table I. It should be noted that the rib
height given in the table is dependent on the underlying planar waveguide
structure. For this reason, the more generally applicable values of dn/n are
given (where n=index of the etched areas and n-dn = the index under the
ridges), the value of n for these structures is approximately 3.5.
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Table I. Calculated dimensions for evanescently coupled waveguides. The
parameters are chosen so that dLxjdn=0 to minimize the effects of fabrication errors.

L,(mm) W(pm) g(pIm) dnln D(pm) dL_ýdW (mm/4m)

3.0 5.00 2.50 1.7x10 4  0.36 -0.30

2.0 4.00 2.25 2.4x10 4  0.44 -0.21

1.5 2.75 2.50 3.6xl 0 4  0.49 -0.14

1.0 2.50 1.75 5.0x10 4  0.52 -0.14

0.5 2.00 1.10 1.0x10-3 0.62 -0.11

6.3. 3-mm Long AP Switch

The first AP switch was designed to have a crossover length of 3mm. The
parameters for this switch are shown in Table I. A cross-section of the
wavegulde structure is shown in Fig. 13. The waveguides are 5pm wide with a
2.5-1m gap between them. Because these first switches were made on an early
planar waveguide structure, which has a thick upper cladding layer, the etch
depth to form the ribs was 0.81rm (not O.36Wim as shown in the table). These
waveguides were made by first etching the ribs, then planarizing the structure
with polyimide and finally applying the top metal connections.

The measured near-field intensity at several bias voltages is shown in
Fig. 14. The coupling in this switch is incomplete, which causes the OV curve to
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have a large right peak (input was on the left side) as expected, but with the
addition of a shoulder on the left which would not be present if the coupling was
correct. Previous measurements made before application of the electrical
contacts and polyimide showed that the coupling between the two guides should
have been nearly complete, indicating that the coupling problems arose during
the application of these features. Several problems became apparent during the
further fabrication of this switch and the 500-Wn-long switch described in the
next section. These were: 1) The polyimide pulled away from the switch
changing the coupling conditions as a function of position down the waveguide,
2) variations in the photolithography changed the width and spacing between
the waveguides, which also changed the coupling conditions as a function of
length, and 3) errors in the growth rates during the MBE growth of the planar
waveguide structure caused errors in the coupling. Several steps were taken to
eliminate these problems.
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Figure 13. SEM micrograph of the 3-mm-long AP3 switch cross-section (top) and a
diagram identifying the parts of the structure (bottom).
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Figure 14. Near-field output of the AD3 switch as a function applied
bias.

To detect problems with the layer thicknesses in the MBE grown planar
waveguides, superlattices with a period of 100A were used for the waveguide
cladding. Superlattice cladding had already been used on many of the planar
waveguides to prevent dopants from migrating out of the doped layers during
growth. By Including a superlattice near the top of the structure, it is possible to
use x-ray diffraction to determine the actual period and detect errors in the
growth rate. Figure 15 shows an x-ray diffraction measurement of one of these
structures (in this case the SL period was designed to be 60A). The small peak
at 67.770 is the SL diffraction peak, which corresponds to an actual SL period of
59.8A (the design value for this structure was 60A). (The large peak at 66.40 is
not a diffraction feature, but is caused by turning up the x-ray power at that point
in the scan so that the weak SL peak is visible.)
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Figure 15. X-ray diffraction spectrum of a waveguide structure with SL cladding

To reduce processing problems and lower the switching voltage, changes
were made to the planar waveguide layer thicknesses. In the new design, the
Intrinsic region was made thinner (1.275pm instead of 1.64pm) while the core
widh was increased to increase the confinement. This reduced the ridge etch
required for the switches from 0.75pm to 0.40nI, which simplified the
processing. The thinner intrinsic region also lowered the switching voltage. The
form of the two structures is shown in Fig. 16.
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Figure 16. Epitaxially grown waveguide structures.

Measurements ot a switch incorporating these improvements are shown in Fig.
17. At zero bias, the intensity peaks at the left guide (input is to the right guide)
with a small residual intensity in the right guide. As bias is applied, the intensity
decreases in the left guide and increases in the right guide. At 8V bias, the
output of the right guide peaks at about 68% of the initial zero bias peak in the
left guide. The peak intensity out of each guide as a function of bias is shown in
Fig. 18. In Fig. 18a. the bias is applied to the branch guide. In this case the
switched Intensity from the feed guide at 8V bias is about 70% of the initial zero
bias output from the branch guide (with a residual output from the branch guide
about 10% of its Initial intensity). In Fig. 18b, the feed guide is biased. In this
case the output of the feed guide at the BV switching potential is only about 17%Y
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Figure 17. Near-field output of a 3-mm-long AP~ switch using the improved epitaxial
structure.
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of the initial cross guide output. This switching asymmetry is caused by the
eI-hoo n In the biased guide. When the feed guide is biased, optical
loes are seven times higher than when the cross guide is biased, as described
in section 6.1.1.

IO I

a 6 10 Is a 2 4 6 a

a) b)

Figure 18. Intensity outputs from the A switch for a) the branch guide
biased and b) the feed guide biased.

Even with the inclusion of the supertattice n the thinner waveguide
structure, this switch was still dilficult to fabricate reliably. Coupling tests with
guides having no electrical contacts usually showed much better results than the
zero bias results in the two switches presented here. We found two problems
remaining in this switch design. The first was the polyimide that was used to
planarize the structure. By pulling away from the waveguide ribs, the polyimide
created coupling conditions that changed along the length of the waveguides.
The final problem was that we could not determine the precise composition (x-
value) of the Ai(Ga1.xAs in the planar waveguide structure. Both of these
problems were solved in the 500pm Af switch described in the next section.

U.4. SOO.pm Long AP Switch

The second type of switch fabricated was a 500-lpm-long AD switch. The
dimensions of this switch are given in table I. The waveguides in this switch
(and all subsequent waveguide structures made in this program ) are 2;.Tm wide
and etched to create an index difference between the guide and surrounding
area of about 0.1%.

To correct problems with the photolithography accuracy and the
polyimide, the processing and structure were changed from that of the 3-mm A•
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switch. The processing was changed to the metal mask process described in
sec. 5.2. This process uses an image reversed photoresist that was found to
produce the waveguide dimensions more accurately than the conventional
pOsive photoresist process. In addition, the waveguides were defined by the
top p-contact metal, which was then used as the mask for the RIE waveguide
etch. This creates a waveguide with accurate width and with the contact metal
already in place. This self aligned contact metal eliminates the requirement of
aligning the contacts with the waveguide, which allows fabncation of narrow
waveguides (required for a short 60 switch) using standard contact lithography.

To allow determination of the matenal composition, a 0.5-Wri-thick layer of
AIxGai.xAs was included at the top of the structure over the SL. (This layer was
covered with a 500A GaAs cap to prevent oxidation of the AIGaAs.) This layer
makes it possible to use photoluminescence (PL) to determine the composition
of the A.Gal..xAs after growth. Since the same composition was used
,hrougout the structure, this measurement gives the compositional accuracy of
the structure.

With the addition of the supedattie cladding (described in the last
section), the A4GaI.xAs top layer, and the self-aligned metal mask lithography
process, the 500juiiAP switch could be reliably processed. These
improvements were used in all subsequent waveguide structures produced in
this program.

The structure of the 500-mro-long AP test switches is shown in Fig. 19.

Each set of switches consists of five coupled pairs of 2-jIm-wide waveguides
with a 1.1 -$im gap between them. Input to each pair is through a

Figure 19. Test structure for the 5OO-gm-long AP switch.
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single waveguide. The length of the coupled pairs is incremented by 501gm from
pair to pair to allow for errors in the coupling length. The calculated coupling
length as a function of the etch depth of the waveguides is shown in Fig. 20. We
fabricate the waveguides so the switches operate at the minimum cross-over
length. This not only gives the switch the shortest length for a given set of
waveguide dimensions, but also makes the switch less susceptible to variations
in the etch depth and waveguide widths. The near-field .Jtput of a 550-jim AP3
switch under several bias conditions is shown in Fig. 21.
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Figure 20. Calculation of coupling length vs. the rib etch depth. The etch
depth was chosen to give the minimum coupling length for a given
separation thus making the switch less sensitive to fabrication errors.

At zero bias, the output shows a well defined single peak that
demonstrates complete coupling of the input light into the cross guide. As the
bias is nicreesed. a second peak appears at the output of the cross guide. At
15.5V volts the intensity in the bar guide reaches its peak value (about 85% of
the initial cross guide output). A plot of the output intensities is shown in Fig. 22.
This curve deviates from an ideal switch in that the switched output is 85% of the
unswitched output instead of equal to it. This amount of loss could easily be
corrected by adding gain at tht- output of the switch. A more serious problem
with this switch is that it cannot be used with the input into the biased
waveguide. In that case, applying bias to the switch causes strong absorption,
which causes the output intensity to drop to near zero before the switching
process is complete. This makes this AO switch suitable as
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Figure 21. Near-field output of the 500-1Ln-long AD switch at
5 values of the applied bias.

a one-input two-output switch, but not as a 2x2 cross bar switch. This limitation
was overcome in the Mo switch described in the next section.
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Figure 22. Output intensity from each guide as a function of
applied bias.
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7. The As Swith

The second type of switch developed in this program is called the Aa
switch. The name comes from mode of operation, which uses the change in the
absorption coefficient a caused by biasing the quantum wells to accomplish the
switching. The general structure of this type of switch is shown in Fig. 23. It
consists of four Y-splitters, two at the input end and two at the output end of the
switch. In operation, light enters one the two input guides at the left of the
structure. Each of these inputs is then split into two paths, which go to the two
outputs at the right side of the switch. To switch to either a bar or cross state,
the different paths can be reverse biased to make them absorbing. The bar
state is formed by reverse biasing the cross in the center of the structure to
make it opaque. In a similar way, the cross state is formed by reverse biasing
the bar paths on each side of the switch to make them absorbing. The
disadvantage to this type of switch is the splitting loss. Each time light passes
through one of the Y-splitters (either entering from single or double waveguide
side), its intensity is reduced by half. This means that at best 25% of the input
will reach one of the outputs. To eliminate this loss, gain must be added to the
structure. It would be possible to forward bias the entire structure so that all the
waveguldes would have gain. Switching could then be achieved by removing
the bias or switching to reverse bias in those sections required to be opaque.
There are two major disadvantages to that approach. First, the switch would
require a great deal of electrical power, which would make cooling a problem in
a large network. Second, switching gain on and off is a relatively slow process.
For our approach, short gain sections at the inputs and outputs of the switch that
are dc biased were chosen. Switching is achieved in the bar and cross paths by
using waveguldes that are transparent under zero bias and opaque under
reverse bias. The reverse biased guides draw very little current and make high
speed modulators so that high speed switching can be achieved.
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Figure 23. Design of the e switch.

The gain is produced, ms ba a laser, by forward biasing the junction
containing the quantum wells. This gain, however, is at a wavelength that is
strongly absorbed by the unbiased quantum wells. Since the entire switch
structure is made on the same epitaxial structure, all the waveguides contain the
same quantum wells. For the switch to operate, the OW exciton wavelength in
the gain sections must be at a longer wavelength than the OW excitons in the

rest of the structure. In the switch produced in this program, we accomplished
this by using oxide induced disordering to blue shift the excitons in the
modulator and transparent waveguide sections of the switch. This enabled us to
achieve both gain and modulation at the same wavelength in the switch
described below.

The switch is fabricated using the seif-aligned metal mask process
described in section 5.2. In this process, the waveguides are defined as a gold
pattern on the surface of the wafer. This metal, which will form the p-contacts on
top of the waveguldes in the final structure, is used as the etch mask in the RIE
process used to etch the waveguides. In addition to the waveguides, the contact
circles (shown in fig. 23) as well as the connection between the contact circle
and the waveguwde (this is shown in greater detail in fig. 24) are put down in gold
in this first step. Once the gold pattern has been defined, the structure is etched
to form the waveguide ridges using RIE. After this step, a second etch is used to
define the turni ,g mirror facets (this is described in sec. 7.1.2). Finally, a thick
gold pattern is applied forming the electrical contact pads. This final gold layer
also includes the contact traces (shown in Fig. 23), that end in large circles that
surround the contact circles described above. This overlap of the two circles in
the two different layers, along with evaporation of the last metal layer at an angle
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20 to 300 from normal, insures that electrical connection will be made between
the two levels. An SEM micrograph of one of these circles is shown in Fig. 25.
The electrical contact pads could be included in the waveguide layer, but this
would make the pads themselves diodes, which would have several negative
effects on the device. First, the chance that a diode will contain a defect (and
thus be shorted and unusable) is proportional to the diodes area, so the area of
each diode should be kept as small as possible. Second, a larger area diode
has a larger capacitance (capacitance is proportional to the diode area) so for
high speed applications the diode area should also be kept as small as possible.
For high speed applications, it would be desirable to add a layer of a low
dielectric constant insulator under the last metal layer. Either polyimide of SiO2
could be used for this application resulting in a lower contact pad capacitance.

In the sections below, we describe the waveguide components of the
switch followed by a description and demonstration of the first 2x2 Aa switch
(which did not have gain). This is followed by a description of the oxide
disordering process and results, and finally the test results on two 2x2 Aa
switches with gain are presented.

I -•. output guides
Sungu ideod d iffraction regionou p tg i e

-Y-spitter input guide 7
Input Output 1

cna trace Output 2

ccntact circle--'
contact pad-.

7 F

1Om -'I

Figure 24. The Y-splitter structure used in the Acz switch. The inset shows the
electrical trace going past the cross path to the bar path.
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Figure 25. SEM micrograph of gold contact circles used to make electrical
connections between the etched level and waveguide ridge level of the
switch.

7.1. Au Wavegulde Switch Structures

The first of two designs of the Acz switch is shown in fig. 23. As already
described, this switch operates by splitting each input into two paths so that
each input can be routed to either of the two outputs. Light enters the switch at
either of the two inputs shown at the left, and travels through a 1 00-.un-long
waveguide electrically connected to a "gain" contact pad. All waveguides in the
structure are 21m wide with ridges 0.6jim high. The light reaches the end of the
gain gJide and travels unguided for 50prm to the beginning of the bar and cross
paths. The input guide, 50-pm unguided region, and the bar and cross path
guides form a Y-splitter. The light is split equally into the bar and cross paths.
The bar path is formed by an arc of 1.3cm radius, which brings the light to the
output end of the switch on the same side it entered. The cross path, which
contains two turning mirrors, causes the light to cross to the switch so that it
emerges at the output end of the switch on the side opposite from which it
entered. By applying a reverse bias to the bar or cross electrical contact pads,
the corresponding path becomes opaque so that no light emerges from that
path. At the output end of the switch the light again travels through 1 00-prn
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output guides connected to gain contact pads. The switch is symmetric so that
light can enter the "outputu end and emerge from the "input" end if desired. The
switch is designed so that it can be ganged with identical switches to form an
NxN switch network.

The turning mirrors accomplish two purposes in this structure. First, they
increase the crossing angle between the two cross paths. This is necessary to
avoid crosstalk between these two paths as shown below in sec. 7. 1.1. The
second purpose of the turning mirrors is to widen the switch structure so that the
contact pads can be included inside the switch. For a single 2x2 switch this
would not be necessary since the pads could be placed on either side of the
switch, which would allow the switch to be narrow if required. Most applications
for a 2x2 switch require an array of switches to form an NxN switching network.
As shown in Fig. Ic, the lateral spacing between switches in such a network is
equal to the width of an individual 2x2 switch. For a large network, the electrical
contacts must be made to fit within the width of a single switch. The spacing
between input and output guides provided by the mirrors is large enough to
allow optical fibers to be attached if required, which is an important
consideration for some applications. In this design, the electrical contacts are
square bonding pads with dimensions of 90±m by 90gm. As discussed in sec.
8.2, this size could be greatly reduced, which would lead to smaller turning
angles in the mirrors reducing the optical loss in the cross paths.

The individual waveguide components of the switch (curved waveguides,
Y-splitters, crossovers and turning mirrors) were carefully designed to minimize
propagation loss. A short description and analysis of each is given below.

7.1.1. Wavegulde Y-Splitters

As already described, the Act switch is formed primarily from four Y-
splitters, with the two at the input acting as intensity splitters and the two at the
output acting as combiners. A detail of part of the structure containing a Y-
splitter is shown in Fig. 24. This shows the gap in the Y-splitter between the
single guide input and the two outputs. Also shown is an electrical lead running
through a gap in a waveguide as described in sec. 5.2. The electrical lead is
identical in structure to the waveguide and is formed at the same time as the
waveguides, only the 900 angle between it and the waveguide prevents it from
carrying light. The contact pads are put down later in the process and overlap
the electrical leads as shown at the right of the figure.
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A simplified structure of the Y-splitters is shown in Fig. 26 along with the
2D beam propagator calculation of the optical intensity distribution. The angle of
divergence between the two output guides is 2.40 (as in the Aa switch). Note
that the scale is compressed in the direction of propagation making the angle
appear much larger than it actually is. In the splitting mode, light enters from the
single guide side. To split the light into two paths it is necessary to widen the
mode before entering the two exit guides. This is usually done using a tapered
section of guide. In the weakly guiding waveguides used in our designs, we
found a taper to be unnecessary. The mode can be widened in the shortest
distance by leaving a gap between the input and output guides. In this way, the
mode is unguided and diffracts, thus widening as it travels through the gap.
Since the difference in effective index between the guides and surrounding area
is only 0.1%, there is very little reflection at the guide ends. In the 2D beam
propagator calculation, light enters from the straight section of guide at the
bottom of the figure. After traveling through the 1 00-gm input guide, the light
emerges into the gap where it expands unguided for 751gm before entering the
two output guides. As in all the other waveguides in this switch, these
waveguides are 21im wide. The narrowest gap between the two output guides is
1;lm, which is about the minimum that can be accurately made using standard
contact printing photolithography. The splitting angle was determined using the
beam propagator calculation to try various angles to find the maximum angle that
had low loss. The configuration used here splits the light evenly into the two
paths with 45% irn each path and 10% scattered loss (according to the
calculation). In the mask set for the switch structure we included some of these
Y-splitters so we could evaluate their operation without the complications of the
rest of the switch. The measured output from one of these Y-splitters is shown
in Fig. 27. The measurement shows that the input is split into two nearly equal
modes surrounded by some low level scattered light.
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Figure 26. 2D beam propagator calculation of a Y-splitter. The full
angle between the two output guides is 2.40.
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Figure 27. Measured near-field output from a symmetric Y-splitter.

In the actual switch structure, one side of the splitter output goes into a
curved guide (the bar path), and the calculation predicts a significant amount of
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scattered light outside of the arc path. This scattered light is seen in the
measurement of the output intensity of this structure, which is shown in Fig. 28.
This measurement was made by cleaving the switch structure down the center
leaving the resulting structure shown in the inset in the figure. The output of the
curved guide is about 78% that of the straight guide. Since all the symmetric
splitters measured had nearly equal intensity distributions between the two
guides, we attribute the difference here to losses in the curved section of
waveguide so that the transmission in the curved guide is about 78% of that in
the straight guide. In this section of switch, the curved waveguide is 3001.m
long, for a full switch the curved waveguides are 6OOpm long so that
transmission through the curve in the bar path should be about 60%.

Stralaht100 - gumsi
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seo guide

2040
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Figure 28. Near-field output from a switch cleaved at the midpoint
showing the intensity in the curved guide (bar path) and straight
guide (cross-path).

In addition to the symmetric Y-splitters used in the switch, we included an
asymmetric Y-splitter in the test structures included in the switch mask set.
These were included for possible use in future switch designs. The structure of
the asymmetric splitter and the beam propagator calculation are shown in Fig.
29. The structure consists of a single input guide, a parallel output guide
(parallel to the input guide) and an angled output guide. In a switch, this would
eliminate the need for curved bar paths, wh'ich can be lossy as demonstrated
above. In the beam propagator calculation the output intensity of
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Figure 29. Asymmetric Y-splitter structure and the 2D beam propagator
calculation of its operation. The predicted intensity from the 20 angled guide
is 89% of that from the straight guide.
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Figure 30. Measured output from the asymmetric Y-splitter. The measured
intensity from the angled (left) guide is 71% of that from the straight (right)
guide.
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the angled guide is about 89% of that of the parallel guide. In the measurement
shown in Fig. 30, the intensity of the angled guide is about 71% that of the
parallel guide. With further work, it should be possible to make the outputs of
this splitter nearly equal in intensity.

7.1.2. Waveguide Crossovers

At the center of the switch is the crossover between the two cross paths.
Without the turning mirrors, the angle between the crossing guides would be
about 2.4 degrees, which is determined by the splitting angle of the Y-splitters.
To analyze waveguides intersecting at that angle, we used the 2D beam
propagation program. The calculation for an ideal pair of waveguides crossing
at 2.4 degrees is shown in Fig. 31 a. The crosstalk between the guides in this
calculation is only 4%, which would be acceptable for many applications. This
assumes a perfect structure with a sharp intersection where the guides meet,
which would be impossible to fabricate. A more realistic structure is shown in
Rg. 31 b. In this structure the sharp intersections have been squared off so that
the smallest dimension is Ijpm, which is closer to what can actually be achieved
using standard photolithography techniques. In this case, the 2D beam
propagator program finds about 13% crosstalk, which is above acceptable
levels. To eliminate the crosstalk problem at this crossing, we incorporated
turning mirrors into the switch structure. With the addition of turning mirrors, the
angle between the two crossing guides is near 90 degrees, which virtually
eliminates crosstalk between these guides.
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a) b)

Figure 31. Waveguides crossed at 2.40. In (a) the intersection is perfectly sharp. In
(b) the intersection is cut off at 1 pjm, which is closer to a real structure

7.1.3. Waveguide Turning Mirrors

An important component of the Aa switch is the turning mirror. Turning
mirrors were included in the structure to both reduce crosstalk between the two
cross path guides and to make the switch structure wide enough to provide room
for the electrical contacts. The basic idea behind the turning mirror is to use a
deeply etched trough to cteate a GaAs/air interface. Light hitting this interface at
greater than the critical angle will be totally reflected. By proper positioning of
the input and output guides with respect to the mirror interface, a low loss
turning mirror can be formed. In practice there are several loss mechanisms that
can greatly reduce the efficiency of the turning mirror. Some of the loss
mechanisms are: 1) misalignment between the waveguides and the mirror
interace. 2) diffraction losses due to unguided propagation within the mirror
structure, and 3) scattering due to roughness at the mirror interface.
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A detailed drawing of the turning mirror structure is shown in Fig. 32. As
with all the waveguide structures in the switch, the waveguides are formed by
first putting down the metal patterns and then using those metal patterns as a
mask in a reactive ion etch process. To form an accurately aligned mirror edge,
we use a self-aligned process to etch both the waveguides and the mirror. 10 In

2WLm

metalized etch mask

rmirror edge

waveguide mirror etch window

Figure 32. The self-aligned turning mirror structure used in the Aa
switch.

this process the metal is put down in the pattern shown in Fig. 32. This pattern
defines both the input and output waveguides as well as the mirror edge. Since
the mask used to from this pattern is made using e-beam lithography, the angles
and dimensions of this structure are extremely accurate (to about 0.1 .im).
Following the metal application, the waveguides are formed using the standard
waveguide etch of about 0.5prm, which forms all the waveguides in the structure.
After the waveguides are formed, photoresist is spun over the structure and
windows are opened over the mirror edges (mirror etch window shown in Fig.
32). A second etch is then used to form a deep trough in the area not covered
by either photoresist or metal. Since the mirror edge is formed by the original
metal that also defines the waveguides, it is precisely aligned with the
waveguides. An SEM micrograph of one of the self-aligned mirrors is shown in
Fig. 33.
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Figure 33. SEM micrograph of the self-aligned mirror structure.

To test the turning mirrors, we included a series of mirror tests paths on
the switch mask sets. The test paths from the second switch are shown in Fig.
34 (the first switch contained a single test path). The test paths consist of a
single straight path for reference and three mirror paths containing four turning
mirrcrs each. The turning angles of the four mirrors within a single mirror path
are identical. The mirror angles for the three mirror paths are 370,530, and 900.
These angles were chosen because the e-beam lithography machine that draws
the masks uses a square writing grid. For this reason angles with integer (or
one over integer) tangents are drawn more smoothly than arbitrary angles.
(Note that the mirror angle is one half the turning angle so the turning angles of
900,53.10 and 36.90 correspond to mirror angles of 450, 26.60, and 18.50,
which have tangents of 1,1/2, and 1/3, respectively.) The unguided lengths in
,.: 'h mirror structure are 30.61pm, 22.84m and 15gm for the 370, 530, and 900
mirrors, respectively. The calculated diffraction losses, determined using the
beam propagator, for these mirror are 4%. 0.2% and 0.1% for the 370, 530, and
900 mirrors, respectively. Measurements of the losses were made by comparing
the intensity output of each mirror path with the output of the reference path.
The transmission determined from each path was then assumed to be the fourth
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Figure 34. Test path used to determine he loss of turning mirrors fabricated for
different turning angles.t

power of the mirror throughput since each path contained four mirrors. Figure
35 shows the measured output intensity profiles for one of these measurements.
The experimentally determined mirror reflectivities are 84 ± 4%,75±8% and
41±9% for the 370, 530, and 900 mirrors, respectively. The mirrors used in the
switch were 450 in the first design and 530 in the second design. (The design
was changed after the first version to use angles that could be drawn more
smoothly in the mask making process.) Since each cross path contains two
mirrors, the transmission of the cross-path should be about 50% of that of the
bar path due to mirror losses, though the 60% transmission through the curved
bar guides nearly balances out this loss.
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Figure 35. Near-field intensity output from the four test
mirror paths. All four curves are plotted on the same
intensity scale but offset for clarity.

7.1.4. Curved waveguides

As shown in Fig. 23, each bar path contains a curved section of
waveguide. In both Aa switch designs fabricated in this program, the radius of
these curves is 1.3cm. This curvature, the length of the bar sections and the
splitting angle of the Y-splitters are all interrelated parameters. Since we wanted
to keep the overall length of the switch at about 1 mm, and the gain sections at
each end are 1 00;Lm long, the length of the bar section is 600p.m.

A 2D beam propagation calculation of a curved section of the waveguide
is shown in Fig. 36. The calculated transmission through the 600-1gm-long, 1.3-
cm-radius guide is 92%.
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Figure 36. 2D beam propagator calculation of the 1.3-cm-radius arc used in the
bar path of the Aa switch.

7.2. 2 x 2 Acz Switch without Gain

Two designs of the Acz switch were made during the development
process, the first, which is described in this section, incorporated all of the major
features described above, but did not have gain. The structure of this switch is
shown in Fig. 37, a micrograph of the structure is shown in Fig. 38. As st,)wn in
the diagram, the switch has separate electrical contact pads for each gain
section (which were never used in this design), and one electrical contact pad
each for the bar and cross paths. The total length of the switch is 960Inm.
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Figure 37. Layout of the Aa switch and test structures.

The switches are arrayed in groups of six to form a 4x4 switch network,
which is only partially shown here. Also shown at the bottom of the micrograph
(FIg. 38) are several switches that contain no turning mirrors thus making them
much more narrow and requiring the electrical contact pads on the outside of the
switch structure. Because the electrical contacts are in the way, these switches
could not be arrayed in a network. Tests of these narrow switches showed
severe cross-talk problems so this design was not pursued any further. Shown
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above the switches in the micrograph is a single mirror test path along side a
straight reference waveguide. For test measurements, the structure shown in
the micrograph was cleaved along vertical lines running through the diamonds at
the bottom of the micrograph. This allowed measurements on single switches
and single sets (groups of four) of test mirrors. The mirrors in this structure had
reflectivitles of about 63%.

Figure 38. SEM micrograph of the Aa switch.

The near field output of the switch is shown in Fig. 39. This figure shows
the output intensity profile for three different states of the switch. The bottom
trace shows the output with no bias on either the bar or cross paths. Input is on
the left side as shown on the inset in the figure. The peak on the left side has a
large amount of scattered light surrounding it, which is presumably caused by
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light scattering out of the curved section of waveguide. The middle trace shows
the output with -9V bias on the cross guide. In this case, the right peak intensity
Is zero (to the precision of the measurement). Finally, the upper trace shows the
output with -9V on the bar paths. In this case the central peak is eliminated, but
the scattered intensity remains.

-9V on bar

SC • -9V on cross

OV bias

0 100 200 300 400

X(ALm)

Figure 39. Near-field output from the Aa switch under three bias conditions.

7.3. Using Disordering to Combine Gain and Modulation

As described in the introduction to section 7, the requirement to have gain
producing waveguides in the switch necessitates blue shifting the rest of the
waveguides in the switch. To accomplish this, we chose to use oxide induced
disordering to blue shift the quantum well excitons in selected areas of the
switch. Disordering blue shifts the quantum well exciton by diffusing the
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quantum well structure and raising the energy level of the wavefunctions in the
quantum well. An example calculation showing this effect is provided in Fig. 40.
Figure 40a shows the conduction band quantum well with its calculated ground
state exciton. The quantum well is a 100A wide GaAs layer surrounded by
AI. 3Ga.7 As. In this structure, the conduction band well is about 300meV deep
with the ground state level about 61meV above the bottom of the well. Figure
40b shows the same quantum well after diffusion. In this case, A) diffuses into
the well, raising the ground state energy level, thus shifting the absorption
toward the blue. The calculated diffusion of the well structure for an integrated
diffusion time product of 150A2 is shown on the right of the figure. Both sets of
plots in the figure are on the same vertical energy scale, and the wavefunctions
are plotted on baselines equal to their energy levels. The upward shift in the
ground state wavefunction between the as-grown well and the diffused well is
due to the change in the well, which raised the wavefunction energy by
12.9rmieV.

As Grown iffused D dt = 150A2

S
12.91meV

239meV
a) b)

Figure 40. Calculated effect of diffusion on a quantum well and its ground
state energy.

In a real device, the disordering process is accomplished by covering
the surface of the area to be shifted with SiO2 . The wafer is then place top side
down on another GaAs wafer forming a proximity cap, which prevents out-
diffusion of As from the uncoated areas of the wafer. The two wafers are then
placed in a rapid thermal anneal at approximately 9600C for 60 to 90 sec.
(These parameters vary depending on the waveguide structure and the amount
of shift required.) An example of the results of this process is shown in Fig. 41.
The figure shows photocurrent spectra of three samples taken from the same
wafer. The three traces in the figure show spectra of the as-grown quantum well
with a peak at 8502A, a proximity capped area with a peak at 8462A and an
oxide disordered area with a peak at 8308A. The waveguide structure used in
this measurement contained 10 quantum wells in the 0.2-gm-thick core. Since
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the blue shifted peak is only slightly broadened, the effect of the disordering
must be nearly equal over the thickness of the waveguide core (0.2751m).

Measurements of the Stark shift of an as-grown sample (control) and
disordered sample (VID) are shown in Fig. 42. Application of a 1yV reverse bias
to the control sample shifts the excitons by 90A while the same bias applied to
the VID sample shifts its excitons by only 38A. We believe this reduction in the
Stark shift is because the shape of the disordered well approximates a parabola.
Excitons in a perfect parabolic well would not be shifted by an external field.
Further development of the model calculation for disordered wells should allow
this reduction in Stark shift to be modeled. Careful design of a pair of coupled
wells should make it possible to achieve sufficient Stark shifts in the disordered
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Figure 41. Photocurrent spectra of a waveguide sample containing
SQW's. The peaks at 8502A, 8462A and 8308A correspond to the as-
grown, proximity capped and vacancy induced disordered material,
respectively. The anneal for VID was 960 oC for 90 s.

ACQW structure, though it is probably not possible to maintain large Stark shifts
in a disordercd simple square quantum well.
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Figure 42. Measurement of the Stark shift for 100A wellIs with
(VID 960 OC for 90 s) and without (control) vacancy induced
disordering.

To determine the proper annealing parameters, it would be desirable to
develop a model that could predict the amount of energy shift for a given set of
processing parameters. However, this would require a large effort and is beyond
the scope of this program. Instead, the approach we took was to disorder single
quantum well structures to determine the integrated diffusion. By repeating the
calculation shown in Fig. 40 for both the conduction and valence bands, the
wavelength shift as a function of integrated diffusion was determined. An
example of this calculation is shown in Fig. 43. Using this curve, the measured
wavelength shift can be used to determine the diffusion parameter for the
calculation. This can then be used to calculate the effects of the disordering
process on the ACQWs in the waveguide. A diffusion parameter of 150A2 is
required to produce the necessary shift between the proximity capped and oxide
disordered region of the switch. The calculated wells and wavefunctions of the
ACOW structure before and aftei, disordering are shown in Fig. 44 The
important result is that the well remains well defined so that the first two
wavefunction are still qualitatively the same as those in the as grown ACQW.
This ensures that the structure has the indirect transition required for the ACOW
operation.
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7.3.1. Electrical Measurements on VID diodes

To determine the electrical effects of the VID process, if any, on the diode
wavegulde structures, the material was divided into three pieces. One piece
was used as a control sample; another was proximity capped and RTA'd; and a
third was coated with oxide and RTA'd. Each of these pieces was then
processed into 250-1pm-dianreter mesas with electrical contacts in preparation for
electrical measurements. Two wafers, one with a waveguide containing 10
SQWs in the core and a second with 10 pairs of ACQWs were prepared in this
way. The results of electrical measurements are shown in table I1. Though
there are some small changes in the electrical characteristics, these should not
affect the operation of the Aa switch.

Table I1. Electrical properties of disordered waveguides
(annealing parameters: 960 oC for 90 s )

SOW sample Forward bias Resistance Reverse bias Current
turn-on (V) (after turn-on) breakdown (V) @-15V(mA)

control 1.57 17.6Q -51.0 -1.7
prox. cap 2.24 21.4Q -48.0 -1.7
VID 1.68 12.4Q -28.0 -1.6

ACOW sample Forward bias Resistance Reverse bias Current
turn-on (V) (aftertum-on) breakdown (V) @-15V(mA)

control 1.54 11.80 -49.5 -2.0
prox. cap 2.36 19.0nf -27.5 -1.7
VID 1.71 18.0Q -27.5 -9.3
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7.4. 2 x 2 Switch with Gain

The final switch made in this program was the 2x2 Act switch with gain. A
diagram of this switch is shown in Fig. 45. The structure is nearly the same as
that described in the previous section except that there is only one electrical
contact pad for gain at each end of the switch, and the width of the structure has
been reduced. The most significant change is the VID boundary around the

pI;•I. E;8 F.0 E I E .6 ["n. ----- " Alignment marks

1 . aVID boundary

Aa switches

- Etch diagnostic

"__ } trenchies

} Mirror test

" Isolation test
_ _ _ __ , Symmetric

,, "JY-splitters

} Asymmetric
Y-spi itter

Cleaving mark 2501Lm

Figure 45. Second design for the Act switch, which includes vacancy induced
disordering regions.
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central area of the switch. As the first step in the processing of the switch, this

area is covered by Si)2 and the wafer is then annealed to produce the oxide

disordering shift. An electron micrograph of the switch is shown in Fig. 46. Also

shown in this micrograph are a series of test structures that were included in the

design. These test structures include the asymmetric Y-splitter, symmetric Y-

splitters, a waveguide with 4-pim gaps, a waveguide with 4-wnT gaps with

crossing waveguides, and a series of mirror test paths. All of these test

structures have been discussed in previous sections.

iilk

Figure 46. SEM micrograph of the Aa switch.
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The structure also contains several straight reference guides, both
disordered and proximity capped. Figure 47 shows waveguide output from both
types of reference guides, first at 861.9nm where both are transparent (top two
plots in the figure). The bottom pair of curves shows the output from the two
guides at a shorter wavelength. This pair of measurements shows the
decreased transmission of the proximity capped guide relative to the disordered
guide. By repeating these measurements over a range of wavelengths, we
determined the transmission through each waveguide as a function of
wavelength. The results are shown in Fig. 48. Through a different set of
measurements, we determined that the coupling loss at each end of the
waveguide is about 60%. This includes the 30% reflection at each end and the
mismatch between the coupling optics and the waveguide. This means that the
zero propagation loss level on this plot would correspond to about 16%
transmission. The apparent noise in both curves above the 10% transmission
level is due to interference between the two ends of the switch (which was about
1rmm long), indicating the propagation loss through the switch was low. The two
curves are shifted by 6.9nm due to the vacancy induced disordering. This shift
is smaller than ideal since the gain in the proximity capped guide occurs at
855nm. At that wavelength the transmission through the oxide disordered guide
is only about one-fifth of what it would be for a 15- to 20-nm shift.

Guide I (Proximity Capped) Guide 2 (Disordered)

L I_= 861.9nnm A.,- 861.9ni.

Cap~ 
ped J 

Disordered 
_

X - 855.5nm

Disordered

S- 865.5nm
Capped

0 1"

Figure 47. Comparison of transmission through proximity capped
and disordered waveguides at two wavelengths. VID annealing
parameter. 950 oc for 60 s.
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Figure 48. Comparison of the transmission through proximity capped and
disordered waveguides as a function of wavelength. Annealing parameters:
950 oC for 60 s.

7.4.1. Verification of Gain by Laser Measurements

To verify that the proximity capped waveguides do produce optical
amplification when forward biased, a series of laser measurements were made
using a laser diode characterization station, which is used to test lasers
fabricated at the Laboratories. Measurements were made on forward biased
straight waveguides alongside the switch structure. These waveguides are
shown in Fig. 45 with a single waveguide above the Ac switch structures and
two below the Aa switch structures. Since there are no contact pads on these
guides, a small amount of silver epoxy was put over each guide to allow contact
by a micro-probe. Figure 49 shows the measured instantaneous output intensity
from several guides as a function of the current into the guide. For all of these
laser measurements, the current was applied as a 500-ns pulse at a 5-KHz
repetition rate, resulting in a 0.1% duty cycle. Curves are shown for both the
SQW and ACQW waveguides. The sharp turn on in each curve is characteristic
of lasing action in the waveguide. To further verify lasing, spectral
measurements were made of each of these guides with the results shown in Fig.
50. The narrow bandwidth of these spectral modes is also an indication of laser
action. To determine the bandwidth of the gain, a final set of spectral
measurements was taken of the forward biased gain sections at the ends of the
switch (see Fig. 45). Since these gain sections have only one cleaved end, they
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Figure 49. Light output vs. forward bias current from the straight 1-mm-long
proximity capped waveguides included in the Aa switch test structures.
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proportional to the gain. These spontaneous emission spectra for both SOW
and ACQ waveguides; are shown in Fig. 51. These curves show that the gain

can be achieved over a relatively broad band approximately 750A wide.
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Figure 51. Spontaneous emission from the forward biased gain
sections at the input of two switches.

The results of these measurements clearly show that the proximity
capped waveguides act as lasers when forward biased. Since a laser can only
operate if there is gain in the resonator, it is clear that the proximity capped
waveguides produce gain when forward biased.

7.4.2. Measurerent of the &a Switches with Gain

The measured transmission, including gain, for both the bar and cross
paths of a switch containing a single quantum well is shown in Fig. 52. In this
measurement, only the propagation loss through the switch is included; the
coupling losses at the ends of the switch were eliminated. (Coupling losses at
the facets were determined from transmission measurements through a short
straight waveguide at a longer wavelength). The propagation loss through the
switch is the important parameter for a network where there would be no
additional facet coupling loss between switches. Coupling loss at each end of a
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switch network could be corrected using anti-reflection coatings, fibers that
efficiently couple to the waveguide modes, and additional gain. The curves
shown in Fig. 52 were measured at a wavelength of 855nm were the gain was at
its peak. This measurement was made using a 5% duty cycle in the current
supply. Transmission through this switch with gain sections biased approached
40% for the bar path and 20% for the cross path (which has higher losses due to
the turning mirrors).

40

not including facet coupling loss

0-0 bar path
30 0-0 cross path

- spontaneous

0S20

@3 0

0/ 0
0 ........ ....... . . ... ' .

0 0.5 1 1.5 2 2.5 3

Current per gain stage (mA)

Figure 52. Measured output from a Aa switch as a function of
forward bias current to the gain stages.

A final switch using the ACQW structure with VID was fabricated near the
end of the program. For this switch the ACQW structure was changed from the
standard structure (100A and 50A wide wells separated by a 25A wide
AI.3 Ga.7As) to a modified ACQW structure (1 O0A and 67.5A wide wells
separated by a 20A Al. 35 Ga.6 5As barrier). This modified ACQW is the one
shown in Fig. 44 and was designed so that the well would maintain the ACQW
characteristics after disordering. Because the SQW switch was shifted by only
6.9nm in the disordering process (see Fig. 48) using an anneal of 950 oc for 60
s, the ACQW was annealed at 960 oc for 90 s.
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Figures 53 and 54 show this switch in operation. Figure 53 shows a switch with
no wires attached, but with light entering the lower left input of the top switch.
Scattered light can be seen (from left to right) at the input, a Y-splitter, the first
turning mirror, the second turning mirror, a second Y-splitter (combiner) and at
the two outputs of the switch. Figure 54 shows an identical switch with wires
attached and current supplied to the gain sections. In this case, light is entering
the top left input of the switch.

Figure 53. Micrograph of an ACQW switch with light entering the lower left input

of the top switch.
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Figure 54. Micrograph of an ACOW switch with light entering the upper left input
of the top switch. Current supplied to the ga-n sections causes them to glow.

Transmission measurements for the ACQW Aa switch with gain are
shown in Fig. 55. These measurements were made using a 0.6% duty cycle
current pulse. Both outputs of the switch were focused on the detector used to
measure the output intensity so that a lossless switch ,hould produce a
transmission of 2. As in the transmission measurement of the SQW Aa switch,
coupling losses from the facets were eliminated so that on!y the propagation
losses through the switch are shown. The maximum transmission achieved was
97%, which is about one half of that required for a lossless switch in this
measurement. This difference should be easy to correct by increasing the
length of the gain sections, which are 1001pm long in this switch.
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Figure 55. Measured transmission of the ACQW Aa switch as a function
of current into each gan section. Measured intensity is from both switch
outputs, facet losses are not included.

Reverse biasing of the bar and cross paths in this switch produced only
weak modulation of the output. We believe this is because the disordering
process destroyed the coupled well characteristics of the ACQW structure. With
further experiments and modeling it will be possible to design quantum well
structures that will have the desired ACQW characteristics after disordering.

8.Conclusions

8.1. Result

Both Af and Acz switches were fabricated and tested during this program.
The AD switch with the ACOW structure is the most promising for a practical 2x2
cross-bar switch. Some experimental and modeling work is still needed to
determine the initial quantum well structure necessary to give the required
ACQW characteristics after the disordering process.

The A8 switch, though asymmetric in its switching characteristics, can be
used as a lx2 switch with good transmission characteristics even without gain.
Further, the techniques used to design the AP switch can be used to design
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asymmetric coupled waveguides, which will couple only over a narrow
wavelength band. These structures could be used for wavelength multiplexing.
Since the waveguides in both switches were fabricated using the same
processes, a larger device containing the Acz switch as well as the coupled
waveguides could be fabricated using the techniques described here.

8.2. Possible Variations and Extensions

To produce a practical Aca switch, some additional changes can be made
in the structure. The measurements with gain presented here were made using
short duty cycle current pulses. This was required because the switches were
not mounted on a heat sink. For continuous operation, as in a laser, the
epitaxial side of the device must be bonded to a heat sink. For the multiple
electrical contacts required for the Act switch, this could be accomplished by
depositing electrical conduction paths on a sapphire substrate. The switch could
then be bonded to this substrate using standard indium bump hybridization. An
added advantage of this would be that the electrical contact pads in the switch
structure could be made much smaller than those used here. This would allow a
narrower switch structure, which would require smaller turning mirror angles thus
decreasing the loss in the turning mirrors.

Further work is also required in the areas of determination of the optimum
gain section length and the design of the quantum wells for the VID process.

All the further work required to make a lossless Aca switch amounts to
tuning of the structure presented here in. We are confident that with this
additional effort a truly lossless switch can be fabricated using the ACQW
structure with the vacancy induced disordering process.
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